Char is used directly as a catalyst for the catalytic reforming of tar during gasification. Experiments have been carried out to examine the effects of inorganics in char as a catalyst for the catalytic reforming of tar during the gasification of mallee wood, corn stalk and wheat straw in a pilot plant. The char catalyst was prepared from the pyrolysis of mallee wood at a fast heating rate. The catalytic activities of char and acid-washed char for tar reforming were compared under otherwise identical gasification conditions. For all biomass feedstocks tested for gasification, the tar contents in product gas could be drastically reduced by the catalyst, reaching a tar concentration level well below 100 mg/Nm 3 . The acid-washed char also showed profound activity for tar reforming although its catalytic activity was definitely lower than the raw char. Both catalysts could effectively reform the aromatic ring systems (especially large aromatic ring systems with three or more fused benzene rings) in tars as is revealed using UV-fluorescence spectroscopy. The char itself was also partially gasified. After being used as a catalyst, the condensation of the aromatic rings and the accumulation of inorganic species led to drastic changes in char reactivity with O2 at 400 o C. The inorganic species in char tended to enhance the formation of H2 and CO during the reforming reactions in the catalytic reactor.
China. All the biomasses were sized to the range of 0 to 6 mm and further dried at 105 o C for 10 hours in an oven. The dried biomass samples containing 3-5 wt% moisture due to the transfer from oven to biomass hopper were then ready for use.
The proximate and ultimate analyses of biomass are listed in Table 1 and the AAEM contents (Na was negligible) in the biomass are shown in Table 2 .
Gasification experiments
A lab-scale gasification pilot plant that has been described in detail in previous publications [3, 4] was used for conducting the gasification experiments. All experiments were operated at slightly above the atmospheric pressure to maintain the required gas flows. Briefly, 3 pairs of cones as internal structure were purposely built inside the reactor (H1.50m X Φ0.44m) to increase the residence time of biomass particles in the reaction zone as well as to improve the heat transfer to the biomass particles. A catalytic reactor (H0.5m X Φ0.16m) was integrated with the top of the gasifier. The gaseous products including tarry compounds from gasification had to travel through the catalytic reactor where the condensable hydrocarbons would be considerably reformed into light and clean product gases. To ensure identical GHSV when the gas products went through the char catalysts bed, the char catalysts were always over loaded (~1.5 kg) to ensure that the outlet of catalytic reactor was fully covered during the experiments. The outlet of catalytic reactor was located at the side of cylindrical catalyst reactor while the catalysts could be loaded into the reactor from its top. The configuration of the catalytic reactor could be easily To determine the tarry materials in gas products, two sampling tubers were installed just before and after the catalysts bed, enabling that a stream of gas could be collected from the hot region (>330 °C) before and after the catalysts bed respectively at 2 L/min for 10 min for each sample. The hot gas would pass through a series of bubblers (impingers) filled with a mixture of chloroform and methanol (4:1 by vol.) which were placed in a dry ice bath (-78 o C) for condensing the tar out of the product gas. After the condensing unit, the permanent gases flew into a rotary flow meter and then went into an on-line gas analyser (ABB). There was a pump integrated inside the gas analyser, which facilitated the control of gas flow rate.
After experiments, the spent catalysts from the reaction zone rather than those above the reactor outlet were collected for further analysis.
Catalyst preparation
The bio-char catalysts used in this study were prepared from the pyrolysis of mallee wood at fast heating rates in the gasification plant itself. 30 kg of mallee chips (6-10 mm) were fed into the hot reactor at a feeding rate of 20 kg/h at a temperature of 600-950 o C. Due to the specially-designed internal structure, the biomass particles would immediately drop on the hot surface of the first cone and move down in an "S"
shape. The contact with the hot stainless steel greatly enhanced the fast heating rate experienced by the biomass particles. 3 L/min nitrogen was continuously supplied from the bottom of the reactor to ensure an inert atmosphere for the biomass decomposition and the growing char (catalysts) bed. At the end of the experiment, the reactor was naturally cooled down under the protection of nitrogen. The catalyst (~4.0 kg) was successfully collected by opening the bottom flange of the reactor. It was then sieved to obtain the 4-6 mm size range used in this study. The prepared catalyst (4-6 mm) was hereafter named as raw catalyst (named as R-catalyst hereafter).
Another type of catalyst used in this study was prepared by acid-washing the raw catalyst. Highly concentrated sulphuric acid was first diluted to 0.2 M in double distilled water. The R-catalyst was then soaked into the acid solution in the mass ratio of 1:30 for 72 hours. The acid-washed catalyst (referred to as the H-catalyst indicating that the majority of AAEM species were replaced by H in the acid) was then obtained by filtration, water washing and drying (60 o C). The K, Mg and Ca contents in the H-catalyst were 0.04, 0.15 and 0.50 (wt%, db), compared to 0.42, 0.19 and 1.16 (wt%, db) in the R-catalyst. More than 90% of K as the key catalytic species in bio-char has been successfully removed.
Following our previous experiments [3, 4] , the catalyst was always activated in situ at 800 o C in the catalyst bed by steam prior to the feeding of biomass to commence the gasification experiments. The activating time was 10 min.
Tar content determination using combustion method
As detailed in Part I [3] of this series of work, the quantity of tar collected in the The slit widths were 2.5 nm while the scan speed was 200 nm/min. Each sample was scanned four times to obtain a sound quality spectrum. For the purpose of comparison based on the biomass mass, the fluorescence intensity was expressed on the basis of "per kg of biomass" [3] .
Catalyst characterization

AAEM species
AAEM concentrations in catalysts were quantified based on a previously established procedure [4, 19] . Briefly, the catalyst samples in platinum crucibles were first ashed in a muffle furnace. The ash together with the crucible was then digested in HF and HNO3 acids (1:1 ratio) in Teflon vials for 16 h. The acid mixture was then evaporated and 2% nitric acid (Suprapur, 65%) was added to the sample vials to dissolve the residue. The AAEM species in the acid solution were quantified using a Perkin-Elmer Optima 7300DV ICP-OES spectrometer.
Carbon structure
A Perkin-Elmer Spectrum GX FT-IR/Raman spectrometer was used to record the Raman spectra of the catalysts before and after being used. The methods have been detailed previously [4, 5] . Basically, the catalyst (char) sample was firstly diluted to 0.25 wt% with IR grade KBr and then ground for 10 min. The mixed fine particles (100 mg) were then packed into a cylindrical shape in a sample holder. The excitation laser wavelength was 1064 nm with a nominal laser power of 150 mW.
The spectral resolution was 4 cm ) bands together denote small aromatic ring systems in amorphous carbon structure.
Combustion reactivity
The reactivity of catalysts with O2 was measured using a Perkin-Elmer Pyris1 thermogravimetric analyser (TGA) following the previously-established method [6, 25] . About 5 mg of a catalyst was loaded into a sample pan and heated from ambient to 110 °C in nitrogen (Ultra High Purity) and held for 30 min in order to fully remove moisture. The sample was further heated to 400 °C at the rate of 50 °C/min in nitrogen. After keeping at 400 °C for 2 minutes, the atmosphere was switched to air and the reactivity measurement started. The reactivity, R, was calculated by:
where W is the catalyst weight (dry-ash-free basis) at any given time t.
At the last step of the temperature programme, the temperature was increased to 600 °C and held for 30 min in order to burn off any remaining carbonaceous material.
The resultant mass was considered as the weight of ash. Figure 1 shows the tar contents in product gases from the gasification of three types of biomasses; the gas sampling points were located before and after the catalyst bed. By comparing the datum points on the top and bottom parts in Figure 1 , it is clearly seen that the tar contents in the product gas have been remarkably reduced by the use of R-or H-catalyst. Specifically, all the product gases after passing through R-catalyst contained the tar well below 100 mg/Nm 3 , which is the upper limit for the product gas to be burned in a gas turbine or engine without causing severe problems [26, 27] . The difference in tar contents before catalyst beds among various feedstock could be observed. However, the variation in tar contents after the catalytic reforming tended to diminish, demonstrating the high suitability of the catalysts for a wide range of biomass feedstock.
Results and discussion
Effects of catalysts on tar reforming
Tar contents in product gas
The char or char-supported metal species as catalysts for reforming organic compounds in product gas from pyrolysis and gasification has been reported previously [3, 4, [12] [13] [14] [15] [16] [17] [18] , though mostly from bench scale studies. As was expected, the presence of inorganic species (particularly K) in the char has enhanced the tar reduction during the reforming reactions. The tar content in the gas reformed by the R-catalyst was around 50 mg/Nm 3 while the product gas still contained about 150 mg/Nm 3 tar after being reformed by the H-catalyst. The potassium well-dispersed in the char matrix could considerably catalyse the decomposition and gasification of hydrocarbons, facilitating the tar reforming.
The activity of H-catalyst shown in Figure 1 
Aromatic ring systems in tar revealed by UV-fluorescence spectroscopy
The tar in the product gas from gasification reactions consists mainly of aromatics with various fused sizes. The aromatic ring systems could condense and/or possibly polymerise into solid at elevated temperatures, which is a key issue in the utilisation of the product gas containing tarry materials, e.g. in a gas turbine or engine. UV fluorescence spectroscopy has been employed as a useful and delicate tool to provide information on the aromatic ring systems in tars from the pyrolysis and gasification of coal and biomass [3, 4, 14, 15] . To minimise the possible selfabsorption and inter-molecular energy transfer, tar samples were further diluted to 4 ppm in UV grade methanol for collecting the constant energy synchronous spectra. Additionally, the large aromatic rings might be advantageous to the adsorbing process on the catalysts surface, thus enhancing its reforming reactions.
Although the relative percentage of small aromatic ring systems in the reformed tar was much higher than that in the tar before passing through the catalysts bed, the small aromatic compounds were indeed considerably eliminated because the fluorescence intensity of tars before and after reforming differed by approximately a factor of 10 times. The reforming reaction for the small aromatic ring systems may be much more severe than observed, considering that the reforming of those large aromatics might form some small aromatics. Clearly, Figure 2 also indicates that AAEM species in the catalysts (R-catalyst versus H-catalyst) were shown to enhance the reforming of tar in each case.
Effects of catalysts on product gas compositions
Gas composition is another paramount factor for evaluating gasification technologies as it determines the quality (such as ratio of H2:CO and heating value) and the potential applications of the gas products. Figure 3 shows the changes in gas composition (A: H2, B: CO, C: CO2, D: CH4) before and after R-catalyst during the gasification using different biomasses, whereas the gas compositions after Rand H-catalysts are compared in Figure 4 .
From Figure 3 , the reforming reactions in R-catalyst bed have enhanced the formation of H2 and CO while CO2 and CH4 have dropped correspondingly. Overall, the partial gasification of tarry materials and char (catalysts), WGS (water-gas-shift)
reactions, methane reforming reactions as well as the condensation reactions of large aromatics were together responsible for the eventual variations in the gas compositions. The fluctuation of data points in Figure 3 does not allow us to conclude the exact trends for the effects of feedstock on the gas compositions although the CO and H2 contents from mallee wood gasification may be somewhat higher than those from wheat straw and corn stalk gasification. The insignificant differences in gas compositions due to the use of different feedstocks further suggested the low dependency of gas quality on feedstock selections for the gasifier.
In other words, Figures 1 and 3 indicate that the gas quality from mallee wood, wheat straw and corn stalk were broadly similar.
From Figure 4 , the product gas collected after H-catalyst contained higher percentages of CO2/CH4 and lower percentages of H2/CO than that after R-catalyst, further supporting that the catalyst-gas reactions in the H-catalyst bed were less significant than those in the R-catalyst bed. The lack of AAEM in the H-catalyst has obviously reduced its catalytic activity for tar reforming reactions, thus affecting the tar contents, tar composition and gas composition as shown in Figures 1-4 .
Changes in catalyst before and after use
Carbon structure Figure 5 shows the changes in the carbon skeletal structure of the catalysts before and after being used, which is revealed by FT-Raman spectroscopy. As introduced in the Experimental section, the value of I(GR+VL+VR)/ID could actually reflect the ratio of small to large aromatic ring systems in the amorphous carbon structure of catalysts (chars), whereas the total Raman area is mainly determined by the extent of aromatic ring condensation and the abundance of O-containing functional groups
Compared to the fresh catalysts, the ratio of small to large aromatic ring systems in the spent catalysts clearly reduced as shown in Figure 5 Figure 6 shows the AAEM contents in R-and H-catalysts before and after being used. Na was not included as its contents were too low to see reasonable trends.
Inorganic species
Clearly, the spent H-or R-catalysts contained much more AAEM than the fresh ones, The increases in the AAEM (e.g. K) in the catalyst bed could not only enhance catalytic performances for tar reforming but also simultaneously mitigate the corrosion/erosion problems for the downstream use of the product gas.
Combustion reactivity
The fresh and spent catalysts were further analysed using TGA to compare their isothermal reactivity at various carbon conversion levels in air at the low temperature, which could reflect the combined effects of carbon structure and inorganic species on the catalysts' activity in an oxidative atmosphere. Figure 8 shows the combustion reactivity of fresh and spent catalysts as a function of conversion at 400 o C in air.
The R-catalyst containing abundant metallic species generally shows higher reactivity than the H-catalyst. In the meantime, the spent catalysts were generally more reactive to oxygen than that of fresh catalysts in most conversion ranges.
Furthermore, the reactivity curves of spent catalysts fluctuated much more severely than those of fresh catalysts. The trend of fresh H-catalyst curve initially increased and then kept nearly unchanged.
The simple/smooth reactivity curve for the fresh H-catalyst was mainly ascribed to the lack of inorganic species. The fresh H-and R-catalysts shared very similar carbon structure as shown in Figure 5 . The concentrations of inorganic species in the catalysts would increase with increasing carbon conversion as the oxidative reaction temperature (400 o C) was too low for their release into the gas phase, leading to the increase in reactivity with increasing conversion. However, the accumulated inorganic species gradually became less catalytically effective as reactive carbon structural units were continuously removed, which was the key reason for the R-catalysts reactivity to decrease at the later stage of conversion.
After being used during the reforming process, both H-and R-catalysts showed increased combustion reactivity with waved curves. The reforming reactions could concurrently result in coke formation, AAEM deposition and carbon structure modification for the catalysts. The high values of reactivity at the initial conversion stage could be attributed to the formation of coke/soot with reactive structures on the catalyst surface, while the AAEM deposition in the catalysts bed should be the key reason for the increase in the reactivity for the spent catalysts, compared to the fresh ones. Furthermore, the fluctuating curves for the reactivity of the spent catalyst were mainly due to the highly heterogeneous biomass char structure [31], which was considerably enhanced by the reforming reactions. The radicals generated from the reforming reactions may have randomly rearranged the char structure. The variation in char (catalysts) structure could further alter the char-inorganics interactions, thus together leading to the waved curves of the spent catalyst.
Conclusions
The raw biomass char and acid-washed char were used as catalysts for reforming tars during the gasification of mallee wood, corn stalk and wheat straw in a pilot scale gasification plant. Based on the discussion above, the following conclusions could be drawn.
 Both the raw char and acid-washed char catalysts were very effective for reforming the tars from the gasification of various biomass feedstock. The raw char catalyst could reduce the tar contents in the product gas to a level much lower than 100 mg/Nm 3 , as well as increase H2 and CO concentrations in the product gas.
 The aromatic ring systems, especially the large aromatics (no less than 3 fused rings), could be more preferentially reformed by both catalysts than the small aromatic ring systems. The difference in the fluorescence spectra of tars after reforming with the raw and acid-washed char catalysts was consistent with the tar contents analysed using the combustion method.
 After use, the carbon structure in the catalysts became more condensed and the inorganic species contents significantly increased. The variations in carbon structure and the AAEM contents in the spent catalysts have together contributed to the high reactivity in air measured using TGA. In addition to the catalytic role for reforming tarry materials, the char catalyst bed is also acting as effective filters to arrest the volatilised AAEM species and even possibly ash fine particles from the raw gasification product gas.
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